Abstract-Record low values in this material system of threshold current density, particularly at elevated temperature, are presented for InP quantum dot lasers. Lasers with Ga 0 .58 In 0 .42 P in the dot upper confining layer have the lowest threshold current densities, 138 A·cm −2 at 300 K, and 235 A·cm −2 at 350 K (77°C) (2-mm lasers, uncoated facets). Gain-current density data suggests laser performance with an upper confining layer of Ga x In 1 −x P with x = 0.54, 0.56 or 0.58 would be similar if not for the very low internal optical mode loss, α i of samples with x = 0.56 and 0.58. Gain measurements at fixed inversion level suggest that increasing x content in Ga x In 1 −x P increases gain at fixed inversion level but samples with x = 0.54 also exhibit reduced recombination current density. The increasing recombination current density at elevated temperature due to thermal carrier spreading is significantly reduced in samples with x = 0.56 and x = 0.58 but measurements at common operating points attribute this largely to the reduced α i for these samples and given the same α I , samples with x = 0.54, 0.56 and 0.58 would all benefit from reduced effects due to thermal carrier spreading compared to x = 0.52. Index Terms-Quantum dot devices, semiconductor laser, short wavelength lasers, threshold current density, temperature sensitivity, InP self-assembled quantum dots.
I. INTRODUCTION

I
NP quantum dots (QDs) grown on GaAs substrates are of interest because they can address wavelengths in the 630-750 nm range [1] - [3] and are important, for example, in biophotonic applications, where operation in the red/near I.R. allows good tissue penetration and minimisation of auto-fluorescence. However, to make these devices practical further improvements are required in threshold current at elevated temperature.
In previous work it has been shown that the reduction in gain caused by thermal carrier spreading over the inhomogenously broadened QD states has a significant effect on the temperature dependence of threshold current density in InP QD lasers, [4] and that such effects are not significant in quantum well (QW) lasers operating in a similar part of the wavelength spectrum and fabricated from similar materials. These effects are also important in InAs QD lasers operating at telecom and datacom wavelengths although the absolute values of thresholds in the mature InAs QD system are much lower than those in the A. B. Krysa is with the EPSRC National Centre for III-V Technologies, University of Sheffield, Sheffield S1 3JD, U.K. (e-mail: a.krysa@sheffield.ac.uk).
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InP/QD lasers. The concepts underlying these effects are readily understood. At elevated temperatures the population of states producing gain are governed by overall system charge neutrality and Fermi-Dirac statistics. In self assembled QD systems where small numbers of dot states are in close proximity to large numbers of QW and bulk states this can lead to severe gain saturation [5] . This effect is exacerbated by increase in the energy range of the carriers either with temperature or with increased pumping requirement if internal loss is not kept very low. Modifying the composition and thickness of the layer above the QDs produces changes in strain and state distribution [6] - [8] and can reduce the asymmetry in the QW states close to the dot states. In InP dot structures increasing the gallium content in the layer above the dots-the upper confining layer (UCL)-has resulted in improved threshold current and temperature dependence of threshold current density [9] .
In this paper we demonstrate further reductions in high temperature threshold current density using strain in the UCL and perform a detailed experimental study to determine the major factors contributing to the performance achieved, one of which will prove to be the low value of scattering loss. In doing this we aim to reveal the intrinsic performance allowing optimization of future designs. We note that all self-assembled dot lasers, such as the InAs QDs, which are suitable for use in telecom and datacom applications, are governed by similar physics.
After describing the structures and threshold current data in part II we begin with measurements reflecting the state distribution and basic gain performance in part III before describing measurements to differentiate the factors that affect the temperature dependence of threshold current in part IV. We conclude in part V.
II. DEVICE STRUCTURES
The structures were grown by low pressure metal organic vapor phase epitaxy on n-GaAs (1 0 0) substrate oriented 10°o ff toward <1 1 1> using trimethyl precursors for the group III elements and arsine AsH 3 and phosphine PH 3 as precursors of the group V elements. Five layer active regions were created from self-assembled dots in a structure similar to dots-in-a-well [10] (DWELL). Each DWELL consisted of dots formed from the equivalent of 2.5 monolayers of InP material deposited on 16 nm of (Al 0.3 Ga 0.7 ) 0.51 In 0.49 P and covered with 8 nm Ga x In 1-x P QW, where values of x of 0.52, 0.54, 0.56 and 0.58 were employed. The active regions were grown at a temperature of 730°C. 1000 nm wide Al 0.51 In 0.49 P cladding layers, doped with Si and Zn for n-and p-type respectively, form the rest of the waveguide structure. The structure is represented schematically in Fig. 1 .
The samples are fabricated into 50 μm wide oxide isolated stripe lasers and segmented contact test structures. All devices have as-cleaved, uncoated facets and are operated pulsed with a pulse length of 1000 ns and a duty cycle of 0.1% to avoid self-heating.
Threshold current density is measured for 2 mm long lasers and plotted in Fig. 2 as a function of heatsink temperature. The data exhibits a typical non-linear increase of threshold current density as a function of temperature for all of the Ga concentrations, x, in the UCL. Lasers with a composition of x = 0.58 have the lowest threshold current density across the temperature range 240-400 K. Thresholds decreased as gallium fraction increased: at 300 K a value of 138 A·cm −2 for gallium fraction x = 0.58 was obtained with a slightly higher value of 149 A·cm −2 for x = 0.56, increasing to 186 A·cm −2 for x = 0.54 and 248 A ·cm −2 for x = 0.52. At higher temperatures a similar trend was seen with a threshold current density of 235 A·cm −2 for x = 0.58 and almost as low a value of 256 A·cm −2 for x = 0.56 at 350 K (77°C). These are record low values for this type of lasers. T 0 values, which tend to be lower for low threshold current devices, for the four structures, across the temperature range 20 to 50°C (293 to 343 K) are 63, 96, 107 and 99 K in order of increasing gallium concentration.
III. ABSORPTION AND GAIN
While it is difficult to measure the allowed state distributions present in each of the samples we can determine the allowed state transitions by measuring absorption spectra. This is achieved here using the segmented contact method [11] allowing us to determine the internal optical mode loss, α i , and the modal absorption spectrum, the latter providing information on the magnitude and distribution of the allowed transitions in each material. In Fig. 3 we show measurements taken with the segmented contact method at 300 K for the four wafers with Ga compositions x = 0.52, 0.54, 0.56 and 0.58. The peaks of the ripples in the absorption spectra have previously been identified as corresponding to the inhomogenously broadened ground state and excited state dot transitions [12] . The degree of definition of the peak indicates the degree of inhomogenous broadening of the dot states with a better defined peak indicating a smaller dot size distribution and the magnitude of the peak (the area under the distribution is directly proportional to the number [13] ) indicating the number of dots.
We note that similar spectra can be obtained as a function of temperature where a simple rigid shift in energy, according to the Varshni equation for the temperature dependence of the bandgap of the constituent materials, is the only difference between spectra. This indicates that while the bandgap decreases with increasing temperature the separation between electron states does not change significantly with temperature and a similar situation holds for hole states. We also note that the energy of the dot states at each temperature shifts according to the composition, x, and energy of the Ga x In 1-x P QW. This has previously been observed for similar samples [9] and was also confirmed here using photovoltage absorption spectroscopy data (not shown), with a constant energy separation being maintained between the well and dot states. As such we would expect an approximately equal energy spacing between the QW features or QD ground states and conclude that the sample containing nominally x = 0.56 has a composition closer to that of x = 0.58.
The net modal gain spectra plotted in Fig. 4 exhibit a larger broadening than the absorption spectra due to the thermal spread of carriers over the available states and the addition of carrier density dependent homogenous broadening. The magnitude of the peak gain is significantly smaller than the absorption from the same states due to incomplete inversion due to the thermal spreading of carriers. The spectra also exhibit a peak gain that moves to higher energy with increasing pumping due to state filling. At low energy the spectra tend towards the internal optical mode loss, α i . The value here where x = 0.54 is 2.9 cm −1 , while values of 1.7, 0.03 and 0.02 cm −1 are measured for x = 0.52, x = 0.56 and x = 0.58 respectively as summarised in Table I . Fig. 4 . Net modal gain spectra measured using the segment contact method for the Ga = 0.54 sample and for drive current densities increasing in multiples of 111 A·cm −2 (omitting 6×) in red and the corresponding modal absorption spectrum plotted as net modal gain in blue (with circles). The error in the measured value of the optical mode loss was ±1 cm −1 . We measured no change in α I across the temperature range within error. A reduction in optical mode loss with increasing Ga fraction might be expected due to the improvement in strain balance in the structure. We have previously observed an improvement in material quality with increasing Ga fraction [9] .
In Fig. 5 the peak net modal gain magnitude, taken from the data of Fig. 4 and similar data for the other samples, is plotted as a function of current density. This is the gain available to overcome the mirror loss in the laser cavity. The net modal gain is highest for the sample with x = 0.58 followed by that with These results are consistent with the 2 mm long laser threshold current data where the gain to match the constant mirror loss of 6 cm −1 is required for each structure and this is achieved at the lowest current density for the x = 0.58 material.
However, the value of the internal optical mode loss α i , is different for each of the samples meaning that while Fig. 5 reflects the laser results it is not necessarily reflective of the intrinsic performance of the material. The peak gain that can be achieved at a given current density is plotted in Fig. 6 by adding the experimentally determined value of α i to the data of Fig. 5 . While the peak modal gain obtained from the sample with x = 0.52 is still lower than that from the other samples at the same current density there is now much less difference between the other samples. In fact, at low current density the sample with x = 0.54 now exhibits the largest modal gain. With no apparent trend in the values of α i of Table I , the data of Fig. 6 is probably a better representation of the intrinsic performance, or the performance that would be obtained given a large number of growths of similar designs. Having established something about the relative performance of the four samples at 300 K we now turn our attention to the temperature dependence.
IV. TEMPERATURE DEPENDENCE
We begin by illustrating for one temperature how the processes that lead to the temperature dependence of threshold current can be broadly characterised.
We define the inversion level (see Fig. 7 : lower) as the difference between the transparency point energy (E trans ) where the modal gain is zero and the absorption edge energy (E abs ). The absorption edge is defined here as the energy at a fixed gain of −45 cm −1 . This was selected as a fixed reference point to compare the same device at different temperatures. This is a measure of the degree of population inversion in the spirit of the text book Bernard and Duraffourg condition [14] . The data in Fig. 7 (upper figure) shows the measured modal gain and absorption spectra at the current density necessary to achieve peak net modal gain of 6 cm −1 , corresponding to the mirror loss of a 2-mm-long laser, measured at 300 and 350 K. These spectra are then shown schematically in the lower figure for clarity. Two more gain spectra at 350 K are also plotted. The 350 K gain and absorption spectra have been all rigidly shifted by −23 meV so that the 350 K absorption spectrum overlies the 300 K absorption spectrum, with the gain spectra shifted by the same amount. This has the effect of removing the rigid shift in both gain and absorption spectra that results from the temperature dependent shift of the bandgaps and allows spectral widths to be compared. We now separate the extra current components required at 350 K. The 300 K gain spectrum to achieve a net modal gain of 6 cm −1 was measured at a current density J 1 (solid blue curve). The same current density J 1 ) at 350 K produces a spectrum (dashed blue curve) with lower modal gain and reduced inversion level due to an increased carrier recombination rate. At 350 K the current density was then increased (J 2 : green line with circles) to achieve the same inversion level as at 300 K, but still results in lower peak gain because the carriers are thermally spread over more energy states. Finally an increase in current density to J 3 (red with crosses) achieved a peak net modal gain of 6 cm −1 at 350 K, with the higher inversion level necessary. We then obtain two fractions of the injected current by subtraction. J 2 -J 1 is the increased pumping current to Fig. 8 . The difference in current density to maintain the 300 K inversion level at each temperature and that required at 300 K (J 2 -J 1 ).
compensate for the increase in radiative and non-radiative recombination from 300 to 350 K. J 3 − J 2 is the extra current required for the greater energy spread of the carrier population at high temperature as described by the Fermi function. The whole process was repeated at 10 K intervals between 300 K and 400 K for all four Ga fractions. At the highest temperature measured, 400 K, for the sample with x = 0.52, 47% of the total increase in current density between 300 and 400 K (J 2 − J 1 ) is required to maintain the same inversion level as at 300 K (compensate for the higher recombination rate) and 53% is required to compensate the effects of carrier spreading (J 3 − J 2 ), a ratio of 47:53. For the sample with x = 0.58 the equivalent ratio is 58:42. The proportion required to compensate the increased carrier spreading is now less than that required to overcome the increased recombination rate at elevated temperature. The x = 0.58 current density values are dramatically lower overall than the x = 0.52 values being 22% and 15% of the threshold current density for the x = 0.52 sample at 400 K.
We first examine the effect of the changing recombination rate with temperature. In Fig. 8 we plot the difference between the current density required to achieve the 300 K inversion level at a given temperature and that required at 300 K (J 2 − J 1 ). We see the increasing current density required at elevated temperature as already described but also that the sample with x = 0.52 exhibits a current density that increases more rapidly with increasing temperature than the other samples which are all similar.
The increase in recombination with increasing temperature originates from the loss of energetic carriers from the dot states as was demonstrated using measurements of the unamplified spontaneous emission on similar samples [4] . Spontaneous emission measurements on the samples here also show appreciable spontaneous emission from, and hence population of, the well states. Such population of the QW states is a function of the inversion level (at 300 K), which is different for the different samples (see Table I ). To evaluate whether the samples with different x have different recombination rates when the carrier populations are similar the current density at a single inversion level value of 46 meV (that required for the x = 0.52 sample) is plotted in Fig. 9 . In this case the x = 0.54 sample has the lowest current density and all have similar temperature dependences suggesting that the recombination rate is lowest Fig. 9 . The current density required to maintain an inversion level of 46 meV as a function of temperature. Fig. 10 . Difference between the current density necessary to achieve a gain of 6 cm −1 (J 3 ) and that to achieve the 300 K inversion (J 2 ) level as a function of temperature.
in the x = 0.54 material and that the temperature dependence of the recombination processes are fairly insensitive to gallium content of the UCL for the same inversion level. This must in part be due to the similar dot to well energy separation for each well composition described in Section III.
The second contribution to the current density high temperature performance arises from the current required to restore the original gain, since increased carrier spreading with temperature means the gain obtained at a given inversion level reduces. In Fig. 10 we plot as a function of temperature the difference between the current density required to achieve a net modal gain of 6 cm −1 and that required to achieve the 300 K inversion level (J 3 -J 2 ). The data of Fig. 10 suggests that current density increases more rapidly with temperature for the lower gallium compositions. The poorer performance of the sample with x = 0.52 is thought to be due to the higher inversion level required for this sample. While the sample with x = 0.54 also requires a higher inversion level this is partly mitigated by the lower recombination rate at a fixed inversion level.
To understand the role of the constituent effects we plot (see Fig. 11 ) the peak modal gain at the 300 K inversion level as a function of temperature for each of the samples. The samples with x = 0.56 and x = 0.58 exhibit a peak gain that changes less rapidly with temperature (0.011 and 0.015 cm −1 /K respectively) than the samples with lower gallium compositions (0.029 and 0.030 cm −1 /K). However, this may in part be caused by the higher gain requirement at 300 K due to the higher values of α i and the consequential higher inversion levels for the lower gallium composition samples. To examine this we plot as a function of temperature (see Fig. 12 ) peak gain for a single inversion level of 46 meV. The first item of note is that gain at any temperature is increased with a higher x content, which demonstrates the value of using a higher x composition UCL, although we note that Fig. 9 also shows that the recombination current is lower for sample with x = 0.54 partially negating this advantage. With respect to temperature dependence the data of Fig. 12 now shows a similar rate of decrease of gain peak with temperature for all samples (0.029, 0.031, 0.031, 0.034 cm −1 /K, in order of increasing x) and that the improved performance of the higher gallium samples seen in Fig. 11 is largely due to the lower inversion level.
While the data of Figs. 11 and 12 show the reduction in gain due to carrier spreading the temperature sensitivity of the current is the parameter important in device operation. This can be derived by multiplying the rate of decrease of peak gain with temperature data determined above by the rate of change of current with respect to gain. At 300 K the inverse of the derivative of the gain current density curve (see Fig. 6 ) can be used to obtain the latter.
When the data of Fig. 11 is combined with the data of Fig. 6 , at the operating point for a 2 mm laser with the α i for each sample taken from Table I , performance goes from 1.2 A·cm −2 / K for x = 0.52 to 0.8 A·cm −2 / K for x = 0.54 to 0.3 A·cm −2 / K for x = 0.56 and 0.58 and these numbers are in broad agreement with the data of Fig. 10 . More useful, as it cannot be measured directly, is the combination of the data of Fig. 12 , with the same inversion level, with the inverse of the derivative of the gain current density curve of Fig. 6 . In this case the current density sensitivity to temperature for x = 0.54 to 0.58 are very similar with x = 0.52 being a factor 1.5 poorer than the rest.
Together the data of Figs. 11 and 12 suggest that the reduction in gain with increasing temperature is not a strong function of composition of the UCL beyond x = 0.54 but that the greatest mitigation of the effects of reduced gain due to thermal spreading occurs by reducing α i or alternatively by operating with a low gain requirement. This reinforces the importance of α i in producing high performance QD lasers [15] .
V. CONCLUSION
Record low values of threshold current density for InP QD lasers, particularly at elevated temperature, have been presented. The best results are for samples with a composition of Ga 0.58 In 0.42 P in the UCL above each layer of dots. However, gain-current density data suggests that performance for samples with x = 0.54, 0.56 and 0.58 in Ga x In 1-x P would be similar were it not for the very low internal optical mode loss, α i achieved in samples with x = 0.56 and 0.58. Gain measured at a fixed inversion level suggests that increasing x content in Ga x In 1−x P has the desired effect of boosting gain at fixed inversion level but data also shows that recombination current density is reduced for x = 0.54 at 300 K and elevated temperature. Increasing recombination current density at elevated temperature due to the gain reduction caused by thermal carrier spreading is significantly reduced in samples with x = 0.56 and x = 0.58 but measurements at common operating points indicate that this is largely due to the reduced α i for these samples and that given the same α i samples with x = 0.54, 0.56 and 0.58 would all benefit from reduced currents due to thermal carrier spreading compared to x = 0.52.
